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Abstract 
The spectrum of Er 111 reported by Becher (1966) was reanalysed with the 
support of new predictions of energies and transition probabilities. The 
number of energy levels was increased from 45 to 115, including two levels 
of 4f"7s and the levels 'F,, ,F2 and 'G, of the ground codguration 4fi2. 
All 470 classseed lines are reported with transition probabilities for most of 
them. Several of these lines had not yet been attributed to Er 111 in the 
spectrum of the star HR465. 
1. Introduction 
The initial steps in the analysis of doubly-ionized erbium 
have been summarized in 1978 in the critical compilation by 
Martin, Zalubas and Hagan [l] and are briefly recalled 
here. The main features of Er I11 had been published by 
Spector, who reported 137 lines classified by 45 levels 
including the lowest ones of 4f", 4f1'6p, 4f1'6s and 4f1'5d 
[2]. A few corrections and additions resulting from para- 
metric studies of 4fl1(5d + 6s) [3] and of 4f"6p [4] were 
taken into account in [l]. After 1978, the even levels of Er 
I11 were used in a global interpretation of the 4fN(5d + 6s) 
codgurations, but no extension was attempted in the classi- 
fication [SI. The need for new spectroscopic data in the 
spectral interpretation of chemically peculiar stars is an 
incentive for resuming studies in doubly-ionized lantha- 
nides. The first analysis of Dy I11 was achieved recently [6] 
and a brief summary of related problems was given in [7]. 
Moreover erbium is already known to contribute to more 
than 300 lines in the spectrum of the chemically peculiar 
star HR 465 [SI. 
The only available data for extending the analysis of Er 
I11 are in the dissertation by Becher [9] which had been 
kindly put at our disposal by H. M. Crosswhite when Er I 
and I1 were analysed [lo]. The included linelist comprises 
about 3800 wavelengths from 2036 to 8725A which are 
reported with intensities in three excitations (microwave dis- 
charge, d.c. arc and mild spark). We had noticed already 
that, in spite of these intensity comparisons, the ionization 
assignments of [9] were partly erroneous in the long wave- 
length region. Nevertheless the wavenumber accuracy was 
good enough for energy level searching as it has been 
proved by Becher himself who first classified some of the 
* The laboratoire Aimb Cotton is in association with Universitb Paris-Sud. 
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strongest 6s-6p transitions and by van Kleef who found the 
3H, level of 4f". 
2. New energy levels 
We used the computer codes of Bordarier, Bachelier and 
Sinzelle [11] and those by Cowan [l2] for calculating the 
energy levels in the Slater-Condon approach and for deriv- 
ing transition probabilities from the eigenvectors in interme- 
diate coupling. The transition probabilities were used as a 
guide for finding new levels. They compare fairly well with 
the observed intensities if the comparison runs on a limited 
range of wavelengths due to at least two facts. Intensity esti- 
mates are generally not corrected from plate sensitivity 
factors and Becher's observations span from ultraviolet to 
near infrared. The transition probabilities agree better with 
the intensity figures of Spector, but the linelist of [2] reports 
classified lines only which limits the comparisons. 
The coupling conditions [(4fNaSl, L,)J,, n2jJ.J are well- 
obeyed in 4f1'6s and 4f1'6p and, due to selection rules, the 
levels cannot be found from many transitions. This is not 
true for 4f1'5d which is far from LS and from ( a J l j z )  condi- 
tions, according to the results of the present theoretical 
studies. 
Only four levels of the ground configuration 4f" had 
been reported earlier. Three new levels, 3F3, 3F, and 'G,, 
were found from their strongest predicted transitions with 
4f1'5d and they classify now 24 lines in Table I. The fine 
structure of 3H and 3F intervals are only slightly larger in 
Er I11 than they are in 4f"6sZ of Er I, which is a usual 
situation for lanthanides. A total of seven levels made it pos- 
sible to derive the energy parameters of 4f" with limited 
constraints. All effective parameters a, f l ,  y of the linear 
correction for far configuration interaction 
aL * (L + 1) + lObG(R7) + 12yG(G2) were fixed as well as 
the ratio of electrostatic parameters EiIE-3. This led to pre- 
dictions for the 6 missing levels. The lowest of them (lD2) is 
expected near 24 900cm-' and its determination should not 
be possible without further observations of the spectrum. 
The upper even configuration 4f1'6p is accurately inter- 
preted with the same Hamiltonian as for other 4fN6p con- 
figurations of doubly-ionized lanthanides, configuration 
mixing effects being taken into account by a, p, y, and by the 
correction aToTL * (L + 1) which is equivalent to a Slater- 
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type parameter F'(f,p) [13]. The r.m.s. deviation for 35 
levels (21 an-') is worse than it was in the first study which 
involved 18 levels built on 4f" 4115,2, 13/2, 1/2 only. Never- 
theless it is established now that the predicted levels of [4] 
were about 8Ocm-' too low for 4f''(41)6p and 25Ocm-' 
too low for 4f' '(4F)6p, which illustrates the difficulties of 
parametric studies performed with few levels. It is remark- 
able that all the known levels have (Jl, 1,) first components 
larger than 50% and that all (J1, j 2 )  multiplets given in 
Table I1 are separated in energy. 
In the odd parity both the flatness of some J- j  multiplets 
and the overlap of 4f ' ' 5d and 4f' '6s made some difficulties 
in the identifications, "forbidden" 4f-6s transitions being 
obviously present. A few undeterminacies of J-values were 
removed with the support of the computed transition prob- 
abilities, the calculation of which progressed in parallel with 
the classification. It is seen from the total percentages of 
4f1'6s components in the eigenfunctions of levels given in 
Table 11, that at least four couples of 4f1'6s and 4f1'5d 
levels mix significantly. This explains the well-defined value 
of the interaction integral R3(4f5d,6s4f): 2879 & 297 cm-' 
reported in Table I11 with other parameters, the direct inte- 
gral R2(4f 5d,4f6s) being loosely defined and eliminated. 
From the coefficients of the R3 parameter in intermediate 
coupling, the shifts pertaining to this interaction were evalu- 
ated. They nowhere exceed 215cm-' which is large with 
regard to the r.m.s. deviation of the present study (35cm-') 
but keeps 4f5d-4f6s a small interaction in comparison with 
others in the lanthanides (for example Sd2-5d6s or 5 d 6 p  
6s6p). In Table 111, the parameters which describe far con- 
figuration mixing effects on the terms of PI' (D3, y', Y4) are 
the direct and exchange "forbidden Slater parameters" 
giving according to the definitions of [l2] and uTOT is equiv- 
alent to D' . 
Transitions with upper levels above 79 000 cm- ' classify 
weak lines and the correspondence between levels and theo- 
retical energies become ambiguous. For this reason, the odd 
levels reported in Table 11 in the range 41 000-50 000 cm- ' 
are attributed qualitative designations only. A successful 
attempt was made to locate the transition array 
4f11(4115,2)7s-4f' 1(4115/2)6p and the intensity pattern of the 
seven classified 6p7s  lines fit very well to the theoretical gA 
values, Owing to the very regular trends of the 6s-7s elec- 
tron jump along the lanthanide period already used in [14], 
there is no need revising the ionization energy predicted by 
Sugar and Reader. 
3. Classified lines and transition probabilities 
The classified lines in Table I are reported with transition 
probabilities gA calculated by means of [12] in three 
separate studies of the arrays 4f "6p4f "7s, 4f 12- 
4f1'5d + 4f1'6s, 4f"6p4f1'5d + 4f1'6s. Cut-off values of 
gA were chosen to keep about the 1500 strongest lines in the 
latter array. It explains that some g A  values given for 4f-5d 
transitions are smaller than the discarded gA values of 
6s-6p transitions, the radial dipole transition integrals being 
(in ax.) (4f Irl5d) = 1.123, (6plrl6s) = -3.271 and 
(6p I r I 5d) = - 2.776. 
The 482 reported transitions correspond to 470 lines, but 
for several of the 12 doubly-classified lines, the gA value 
should indicate the dominant transition. The average devi- 
ation between the measured wavelengths and those derived 
from the energy levels is 0.004A Some large discrepancies 
occur for very strong transitions to the ground configu- 
ration. 
4. Er III in stellar spectra 
The third spectrum of erbium is known to be present in the 
spectra of chemically peculiar stars of the upper main 
sequence. Aikman, Cowley and Crosswhite [16] find Er I11 
by coincidence statistics in four of five stars with third 
spectra of the lanthanides. It is probably present in the fifth 
star as well. HR 465 at the time of its rare earth maximum is 
particularly well suited for line identification work because 
of the sharpness of the spectral lines. Moreover, Bidelman's 
[8] plates have unusually good coverage in the near ultra- 
violet. 
The present analysis has resulted in some thirty modifi- 
cations of the published identification list for Er 111. These 
changes range from an indication that a previously observed 
laboratory line is now classified, to entirely new identifica- 
tions of stellar features. The changes will be incorporated in 
the electronic list available from the University of Michigan 
(CRC's home page). They are listed in Table IV. 
An open question is described below. The transition 
between the ground level 4f12 3H, and the third level with 
J = 6 in 4f1'5d, named (4113/2, d3,') is predicted at 
3638.977k It is lacking in both laboratory linelists [2, 91 
although its probability is high. The corresponding line in 
the 4f "6s2-4f "5d5s' transition array of Er I, where the 6s' 
closed shell does not change the coupling conditions for the 
lowest multiplets, occurs at 6221k It is the strongest Er I 
line observed above 582781 according to [l5]. In the spec- 
trum of HR 465 [SI, an intense ( I  = 5d?) unassigned line at 
3639.01 81 fits the Er I11 expected wavelength. For clarifying 
this point, and for resuming the search for Er I11 levels on 
better grounds, new laboratory observations are needed. 
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Table I. Classified lines of Er III.  The successive columns are: ( I )  the air wavelength Acxp (in A) f iom [9] 
unless indicated, (2) the intensity, (3) the vacuum wavenumber (in em-'), (4)  the diference Acxp-ARITZ, A,, 
being calculatedfiom the levels, (5)  the even energy level E', (6) the quantum number Je ,  (7) the odd energy 
level Eo and (8) the quantum number Jo, (9) the labels of both levels as given in Table 11 ( a  condensed 
physical designation), (10) the transition probability gA (in s-l), g being the statistical weight of the upper 
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Table I. Continued 















































































































































































































































































































































































































































































































































































3 H 4 5  
15pl-d 
1.611 (6) 
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Table I. Continued 



































































































































































































































































-0.001 - 0.004 
0.001 
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Table I. Continued 
J.-F. Wyart, J .  Blaise, W. P. Bidelman and C .  R. Cowley 
2487.949 
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4.566 (9) . .  
Notes: Lines noted NS in the second column (Intensity) are taken from Ref. [2]. 
' Wavelength from Ref. [2], the deviation with Ref. [9] is too large. 
Possibly blend with an Er I1 line. 
Revised wavelength from H. Crosswhite. 
Theoretical wavelength, masked by a strong Er I1 line. 
Given as Er I1 in Ref. [9] and absent in Ref. [2]. 
e Theoretical wavelength, absent in Ref. [2] and [SI, but strong in HR 465 (Ref. [SI). 
Theoretical wavelength, far from 3473.870 (Ref. [SI). 
e Theoretical wavelength, far from 3469.127 (Ref. [SI). 
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Table 11. Energy levels of Er 111 with main components of their eigenfunctions 
and gth Landk factors. Leading components smaller than 33% are omitted. 
Configuration 4f l2 
LS-Term J (cm-') % % gth Note Table I 
Energy 1st Comp. 2nd Comp. Label in 
~ ~~~ ~ 
3H 6 0.00 99.2 'I 0.8 1.165 a 3H 
3H 5 6969.80 100.0 0.0 1.033 a 3H 
'H 4 10785.51 61.5 'G 27.0 1.139 b 3H 
3F 4 5081.77 62.7 'G 28.7 0.945 a 3F 
3F 3 12472.55 100.0 0.0 1.083 N 3F 
'F 2 13219.80 79.9 'D 18.6 0.732 N 3F 
'G 4 18383.59 59.8 3H 29.9 0.966 N 1G 
Configuration 4f "6p 
Multiplet J (cm-') % Qth Note 
4115/2p1/2 7 55547.30 96 1.243 a 17p1 
8 56025.40 98 1.164 a 17p1 
4115/2p3/2 9 61032.44 98 1.219 a 17p3 
6 61493.77 72 1.170 a 17p3 
8 61539.18 98 1.207 a 17p3 
7 61699.28 84 1.167 a 17p3 
4113/2p1/z 6 62598.14 74 1.146 a 16p1 
7 62607.86 86 1.086 a 16p1 
4111/2p112 5 65934.64 79 1.026 a 15p1 
6 66077.65 82 0.964 a 15p1 
4113/2p3/2 8 67699.20 99 1.148 c 16p3 
5 67986.38 90 1.047 a 16p3 
7 68084.68 99 1.130 a 16p3 
6 68186.11 95 1.088 a 16p3 
'Ig/z Pi/z 4 68234.37 50 0.937 N I4p 1 
5 68332.21 54 0.876 N I4p 1 
4FgIzp1/2 5 71050.12 54 1.100 N f4p1 
4 71055.16 50 1.128 N F4p 1 
4111/2p3/2 4 71459.21 61 0.932 N 15p3 
7 71531.27 83 1.061 N 15p3 
5 71779.39 72 0.983 a 15p3 
6 71785.72 81 1.036 a 15p3 
419/z P3/z 3 73395.34 66 0.651 N 14p3 
6 73919.99 52 1.011 N 14p3 
5 73920.66 38 1.032 N 14p3 
4 74129.19 56 0.867 N 14p3 
2Hli/Zpl/Z 5 74944.47 40 1.122 N h5p1 
6 75221.11 52 1.091 N h5p1 
4F7/2P1/~ 3 76174.34 82 1.239 N f3p1 
4 76480.35 85 1.161 N f3p1 
4Fg/2P3/2 6 76724.94 61 1.183 N F4p3 
5 76751.75 53 1.143 N F4p3 
4 76978.95 60 1.153 N F4p3 
3 77318.02 56 1.178 N F4p3 
2Hll/2p3/2 6 80712.97 53 1.153 N H5p3 
4F7/2p3/2 4 81837.54 54 1.178 N F3p3 
Configuration 4f"5d + 4f"6s 
Energy 1st Comp. 
Energy First 4€"6s Label in 
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Table 11. Continued 
Configuration 4fli5d + 4f1'6s 
Multiplet J (an-') Comp. % YO gth Note Table I 














































































































































































































































































































































































a Level first reported in [2]. 
b Level f i s t  reported in [l]. 
c Level h t  reported in [SI. 
d Level first reported in [2], the J-value is revised. 
e Level present in the list of c lass~ed lines of [2]. 
N New energy level. 
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Table 111. Fitted energy parameters, and their standard 
errors (cm-’) in Er III. The constrained parameters are indi- 
Table IV. Lines of Er I11 newly identifed in the spectrum of 
the star HR 465 
cated by an “f”, for ‘$xed value” and an “r” for “held in a 
constant ratio with the parameter above”. 










Number of levels 
Number of free parameters 
r.m.s. deviation 
Configuration 4f ”6p 
EO 
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y f i l  
Number of levels 









































a f “  20 
/9 f ”  185 
y f ”  - 55 
R’(rd,fs) 0 
R3(f4sf) 2878 
Number of levels in the fit 





















































3262.97 0-1 0.95 Er 111 Tb I1 
3376.15 2 0.16 Er I11 Nd 
3377.43 2 0.37 Er 111 Zr 11 
3404.85 3d? 0.90 Er 111 Zr 11 
3455.06 2 0.12 Er III+ 
3460.78 Id? 0.80 Er 111 Pd I 
3473.91 4 C0.911 Er 111 Ho 11, Mn I1 
3492.75 1-2 0.75 Er 111 
3501.14 1- 0.16 Er III 
3639.01 5d? [0.98] Er 111 See note in Table I 
3687.46 3 0.43 Er 111 Fe I 
3698.98 1-2? 0.90 Er III+ 
3739.41 3-4 0.42 Er 111 
3812.54 3 0.55 . Er 111 
3825.54 1- 0.53 Er 111 
3898.40 1 0.35 Er III+ 
3913.48 5 0.50 Er 111 Ti I1 
3945.17 4-5 0.17 Er I11 
3963.42 21 0.46 Er III+ 
3977.34 3d? 0.31 Er 111 
4065.03 3-4 d to r 0.04 Er 111 Ho I1 
4123.47 3 0.45 Er 111 
4204.01 2d 3.96 Er 111 Fe I, Nd 
4356.58 3d? 0.54 Er III+ 
4361.99 4 2.01 Er 111 Sm I1 
4443.35 4d? 0.28 Er I11 Dy 111 
4463.00 5 0.01 Er 111 NdII 
4493.57 3-4 0.61 Er III+ 
4579.81 1 0.81 Er 111 
4669.11 m 0.09 Er 111 
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